Résumé. 2014 On peut obtenir des renseignements sur la structure d'un film de cristal liquide qui sépare deux surfaces solides en mesurant les variations, en fonction de leur séparation, de Abstract. 2014 Measurements of the force as a function of distance between two solids separated by a liquid crystal film give information on the structure of the film. We report such measurements for two molecularly smooth surfaces of mica separated by the nematic liquid crystal 4'-n-pentyl 4-cyanobiphenyl (5CB) in both the planar and homeotropic orientations at room temperature. The force is determined by measuring the deflection of a spring supporting one of the mica pieces, while an optical technique is used to measure the film thickness to an accuracy of ± (0.1-0.2) nm. The technique also allows the refractive indices of the nematic to be measured, and hence a determination of the average density and order parameter of the liquid crystal film as a function of its thickness. Three distinct forces were measured, each reflecting a type of ordering of the liquid crystal near the mica surfaces. The first one results from elastic déformation in the liquid crystal ; it was only observed in a twisted planar sample where the 5CB molecules are oriented in different directions at the two mica surfaces. The second, measured in both the planar and homeotropic orientations, is attributed to an enhanced order parameter near the surfaces. Both of these are monotonic repulsive forces measurable below 80 nm. Finally, there is a short-range force which oscillates as a function of thickness, up to about six molecular layers, between attraction and repulsion. This results from ordering of the molecules in layers adjacent to the smooth solid surface. It is observed in both the planar and homeotropic orientations, and also in isotropic liquids.
Forces due to structure in a thin liquid crystal film R. G. Horn Abstract. 2014 Measurements of the force as a function of distance between two solids separated by a liquid crystal film give information on the structure of the film. We report such measurements for two molecularly smooth surfaces of mica separated by the nematic liquid crystal 4'-n-pentyl 4-cyanobiphenyl (5CB) in both the planar and homeotropic orientations at room temperature. The force is determined by measuring the deflection of a spring supporting one of the mica pieces, while an optical technique is used to measure the film thickness to an accuracy of ± (0.1-0.2) nm. The technique also allows the refractive indices of the nematic to be measured, and hence a determination of the average density and order parameter of the liquid crystal film as a function of its thickness. Three distinct forces were measured, each reflecting a type of ordering of the liquid crystal near the mica surfaces. The first one results from elastic déformation in the liquid crystal ; it was only observed in a twisted planar sample where the 5CB molecules are oriented in different directions at the two mica surfaces. The second, measured in both the planar and homeotropic orientations, is attributed to an enhanced order parameter near the surfaces. Both of these are monotonic repulsive forces measurable below 80 nm. Finally, there is a short-range force which oscillates as a function of thickness, up to about six molecular layers, between attraction and repulsion. This results from ordering of the molecules in layers adjacent to the smooth solid surface. It is observed in both the planar and homeotropic orientations, and also in isotropic liquids. 1 . Introduction. -It is generally accepted that when two solid bodies approach each other they interact via steric, electrostatic and electrodynamic (van der Waals) forces, but they may also interact indirectly, through forces mediated by a fluid between them. If there is any interaction between the solid and the molecules of the fluid, each solid surface has an effect on the structure of the fluid near it, and this effect propagates for some distance into the fluid. When two such surfaces come sufficiently close together that these boundary layers begin to overlap, the free energy of the system changes : it becomes a function (*) Present address : Physico-Chimie des Surtaces et des Membranes, C.N.R.S., U.E.R. Biomédicale, 45 , rue des Saint-Pères, 75006 Paris, France. of the distance between the surfaces, and so results in a force between the two solids. This type of indirect force has been variously called a structural force, solvent-mediated force, solvation force and -in aqueous media -hydration force [1] .
Thus structural forces, as we shall call them, may arise when a solid interacts with a neighbouring fluid to modify its structure near the interface. Nematic liquid crystals are therefore good candidates for fluids in which to study such forces, since it is well known that solid boundaries affect the liquid crystal, if only by orienting it in a particular direction [2] . In [7] , and only a brief account of their operation is given here. A schematic drawing of the apparatus is shown in figure 1 . Fig. 1 [2] where K22 is the Frank twist elastic constant.
To obtain the force between a sphere of radius R and a flat plate a distance D from it (see Fig. 3 ) we make the following approximations :
(i) We assume the director is everywhere parallel to the flat plate, whereas in practice, in the vicinity of a curved surface it will be parallel to that surface. The error involved in this assumption is small, since the angle between the director at the upper surface and the horizontal plane is cp (see Fig. 3 (ii) We ignore variations in the director along horizontal directions, since these are much more gradual than those in the vertical direction.
(iii) We assume that at a given position in the sample the twist is uniform across the thickness of the sample at that position, so that the energy is given by (2) .
(iv) We Finally, the mica surface was rotated back to its original position, and a curve very close to the first (lowest) curve was measured.
In rotating one glass disc through an angle Ot we also altered the crossed cylindrical geometry. It can be shown (D. Y. C. Chan, personal communication) Fig . 4 . -Medium-range forces for 5CB in the planar orientation between two mica surfaces, one of which is rotated by an angle 0 = 00 (0), 15° (A) and 33° (0) with respect to the other, so that a twist is imposed on the sample. The continuous line is the baseline curve drawn through the 6 = 0° points ; the dotted and dashed lines are obtained by adding to this curve the theoretical twist force calculated from equation (6) for 0 = 15° and 0 = 33° respectively. that this increases the force between the cylinders by a factor 1/cos 0t, so equation (5) (Fig. 3) . In the thinnest part of the sample the surfaces are nearly parallel so there is hardly any elastic distortion ; only in the thicker regions does the angle between the surfaces become significant, but then the elastic energy is small because it decreases with thickness. In fact (see Fig. 3 figure 6 , even though sections of it are very steep. Physically, if the liquid crystal has smectic layers, one would expect circular edge dislocation loops in this geometry. However, the « dislocations » here probably bear no resemblance to dislocations in a bulk smectic, because layers only one or two layers away from the « dislocation » are forced by the mica surfaces to be (locally) planar. This is contrary to the arrangement adopted by layers near a dislocation in bulk [22] , and would have the effect of spreading the « core region » along the plane of the layers to such an extent that the concept of a dislocation line is no longer applicable. As we move out from the centre of the surfaces, altemate regions of the sample would be in compression and extension, and their contributions to the force would tend to cancel. In addition, they diminish as the sample thickness increases away from the centre; the most important contribution comes from the comparatively flat central region.
The tendency of the sample to form an integral number of layers is so strong that in very thin films the liquid crystal can flatten the curved surfaces. This is achieved by deforming the glue holding the mica to the glass, and leads to a noticeable change in shape of the interference fringes when there are only one or two smectic layers between the surfaces. When this happens the local radius of curvature is increased, so that the values of F/R shown in figure 6 , calculated assuming a constant radius R, should be reduced at small D : in particular the first peak is probably not as high as shown.
The inset in figure 6 shows the peak-peak height of the oscillations (measured for the same number of layers, thus Pl-Ql, P2-Q2, etc.) plotted on a logarithmic scale as a function of D. It appears that the amplitude decays roughly exponentially with distance, and while we do not suggest that this has any theoretical significance, it does enable us to define a decay length giving a measure of the persistence of the oscillations in the force curve. In this case the decay length is 2.2 nm, close to the layer spacing of 2.5 nm. Figure 7 shows the force-distance curve measured in a différent experiment. The The periodicity of the oscillations in the planar alignment is about 0.5 nm, which corresponds to the average diameter of the 5CB molecule [21] . Close examination of figure 8 reveals a feature which was also found in other experiments : the first two or three oscillations have a periodicity of 0.5 nm, but beyond that the periodicity stretches. to about 0.6 nm -indicative, perhaps, of increased rotational motion of the molecules more than one or two layers from the surface.
In both figures 8 and 9 the short-range oscillatory force curve tails off at larger distances into the mediumrange monotonic force (Fig. 2) . The inset in figure 8 shows the peak-to-peak amplitude of [23] ; an article in preparation [24] will give full details of these and similar results for cyclohexane. 4 [5, 6] . However, we find very similar behaviour in the planar alignment, and indeed in an isotropic liquid of spherical molecules [23, 24] , so the concept of layering does not depend on having a smectic phase. Any collection of identical objects could form a uniform layer adjacent to a smooth surface so long as they are all oriented in the same direction -indeed, if they are attracted to the surface, they would be expected to do so. The only property of the liquid crystal molecules which is crucial here is their habit of aligning parallel to each other. Oscillatory force-distance curves are a more general phenomenon arising from the molecular nature of liquids [16] [17] [18] [19] .
As a final remark, we comment on the variability of all of the force curves, typified for examplè by the different curves in figure 2, or by comparing figures 6 and 7 and figures 8 and 9 . In this series of experiments the force curves were sometimes rather irreproducible, varying with all sorts of conditions such as the type of mica used, the exact position and orientation of the mica, humidity, time, and whether the two micas had previously been forced into molecular contact. But this is not surprising, since the structural forces we have been discussing depend on how much the ordering of the liquid crystal molecules is modified by the surfaces, which in tum depends on their exact physicochemical condition. The simplest example of this is that the twist elastic force depends on the relative orientation of the two mica sheets (Fig. 3) . The other forces, resulting from orientational and positional ordering of molecules next to the mica, must depend on whatever intermolecular (anchoring) forces cause that ordering. These could be expected to vary between different HTAB monolayers, or from mica to mica, or along the surface of a mica sheet, since there are known to be inhomogeneities in its composition [7] . In 
